Abstract An increasing number of end-stage heart failure patients are now implanted with continuous-flow left ventricular assist devices (CF-LVADs). Although this therapeutic approach is associated with improved clinical outcomes, continuous flow physiology reduces arterial pulse pressure and pulsatility to an extent that is unique to this population. Recent data suggest that high blood pressure (BP) contributes to lifethreatening complications such as pump thrombosis and stroke of CF-LVAD patients. However, limited understanding of the distinct hemodynamics of these pumps makes measurement and, consequently, medical management of BP quite challenging. Here, we review the evolution of LVAD design, the impact of CF-LVAD flow, and "artificial pulse" technology on hemodynamics and BP measurement, as well as suggest new approaches for the assessment and interpretation of the unique physiology of modern LVADs.
Introduction
More than five million Americans are currently suffering from heart failure (HF) [1] , a chronic and progressive condition characterized by the reduced ability of the heart to generate adequate cardiac output for tissue perfusion. The prevalence of this disease is rapidly increasing due to the combination of an aging population and improvements of treatments that prolong patients' life expectancy with this disease [2] . Over the past three decades, the pharmacological management of HF has undergone tremendous progress, thus substantially improving the outcomes associated with the HF diagnosis, with the currently recommended regimen capable of reducing HF-related mortality by an astonishing 63% [3] . However, a small proportion of patients, estimated 150,000-250,000 people in the USA, will progress despite optimal medical therapy and require advanced treatments with cardiac replacement therapy [4] . Heart transplantation is the gold standard option for these patients [5] , providing superior survival (median survival of approximately 11 years [6] ), but with the chronic limitation of available donor hearts (only~2800 patients underwent a heart transplantation over the last year in the USA). Thus, the development of mechanical circulatory support (MCS) and left ventricular assist device (LVAD) technology has come as a timely alternative to fill that gap. These devices are mechanical pumps that vicariate the failing myocardium by creating artificial blood flow from the left ventricle (LV) that generates the cardiac Francesco Castagna and Eric J. Stöhr joint first author.
This article is part of the Topical Collection on Blood Pressure Monitoring and Management output required for adequate tissue perfusion. At present, a significant number of HF patients waiting for a suitable donor heart (or ineligible for a transplant) are implanted with a LVAD as a temporary substitute or definitive alternative to heart transplantation [4] .
Over the past decade, close to 20,000 patients have been supported by LVADs either as a temporary substitute or definitive alternative to heart transplantation, with comparable short-term survival [4] . However, prior to the LVAD technology being considered a true alternative to heart transplantation, several obstacles need to be addressed including the adverse event profile that remains palpable. Recent data suggest that blood pressure (BP) management is at the crux of life-threatening complications such as pump thrombosis and stroke [7] . Thus, measurement, treatment, and choice of BP targets are of critical importance in the clinical management of patients on LVAD support.
Advances in LVAD Technology
The field of MCS has rapidly evolved over the past two decades. First-generation LVADs (HeartMate XVE, Thoratec Corp., Pleasanton, CA, USA) were pulsatile devices that attempted to mimic the native pumping of the normal heart, providing enhanced arterial pulsatility. However, limited durability and reliability of the pump led to marginal improvements in patients' survival. Contemporary second-generation LVADs are all continuous flow (CF-LVADs), and although they differ in the way they move blood within the pump (axial vs. centrifugal), mechanistically, they are quite similar. A CF-LVAD consists of the inflow cannula that sits in the left ventricular (LV) cavity, the pump impeller that rotates at a constant pre-set speed, and the outflow graft that continuously delivers blood into the aorta, augmenting the circulation throughout the entire cardiac cycle with low to no arterial pulsatility. Although longevity of the pump and patients' survival have substantially improved in CF-LVADs compared to HeartMate XVE [8] , they are still ridden with a significant adverse event profile, which can be, at least in part, attributed to the diminished pulsatility that these pumps provide. Prior reports suggest that reduced pulsatility may contribute to ischemic and hemorrhagic stroke [9] , vascular dysfunction, increased matrix metalloproteinase expression [10] and oxidative stress [11] , the development of arteriovenous malformations -especially in the gastrointestinal tract [12] , as well as increased aortic stiffness [13] . Most recently, a new, third-generation centrifugal flow LVAD (HeartMate 3, Abbott Inc., Abbott Park, IL, USA), has reintroduced the feature of pulsatility (artificial pulse), with the main goal to reduce the rate of pump thrombosis [14] . [15] . The HeartMate 3 is currently approved in the EU (CE mark in 2015) and FDA approved as BTT and as bridge to recovery in the USA (August 2017) [16] .
Axial vs. Centrifugal CF-LVADs
Currently, FDA-approved CF-LVADs are the HeartMate II (Abbot Inc., Abbott Park, IL, USA), as bridge to transplant (BTT) and destination therapy (DT), and the HVAD (Medtronic, Inc., Minneapolis, MN, USA) for BTT indication only. The primary difference between the two devices is in the impeller design as it relates to the angle between the impeller outflow and its axis of rotation [17] . HeartMate II is an axialflow CF-LVAD, with the impeller axis that is parallel to the outflow, while HVAD is a centrifugal-flow device where the two axes are perpendicular. This difference is reflected in the relationship between head pressure gradient (the pressure difference between the inflow cannula and the outflow graft pressures) and pump flow. While both types of CF-LVADs are sensitive to changes in head pressure, centrifugal-flow pumps are more susceptible to such changes when compared to axial flow [18] ; therefore, rapid changes in afterload (i.e., blood pressure) could lead to a more substantial reduction of blood flow in centrifugal pumps.
Blood Pressure and Clinical Outcomes in LVAD Patients
Accurate BP measurement and control has a critical importance in identification and management of CF-LVAD patients. Elevated BP has been associated with CF-LVAD-related complications, including stroke and pump thrombosis [19, 20] . Suggested BP targets are much lower than what has been shown to convey risk for cerebrovascular events in the general population, reflecting the peculiar hemodynamic and pathophysiologic consequences of CF-LVAD's design. Current International Society of Heart and Lung Transplantation guidelines [21] recommend to maintain MAP below 80 mmHg and to use HF drugs for BP management (Level of Evidence C).
Several mechanisms may account for the association between hypertension and adverse events in CF-LVADs [22] . Elevated BP reduces LVAD flow by an increase in afterload, thus promoting stasis in the pump and, eventually, thrombosis. The thrombosis itself can result in systemic thromboembolism and stroke. In the context of chronic exposure to low pulsatility and therefore reduced endothelial function due to lack of optimal cyclical stress, even a small increase or surge in BP may exacerbate further endothelial fracture/damage in the cerebral microcirculation and predispose the local area to progressive vessel damage or even rupture. Of note, a high prevalence of hemorrhagic conversion, a process partly due to loss of blood-brain barrier integrity via endothelial injury and matrix metalloproteinase degeneration, has been reported in patients on CF-LVAD support compared to the general population [23] .
The increased afterload secondary to the elevated BP may cause reduced frequency of aortic valve opening, commissural fusion, and ultimately aortic insufficiency [22] . In both axial and centrifugal CF-LVAD patients, a high BP measured with Doppler during outpatient visits was associated with adverse events, mainly driven by progressive aortic insufficiency and hemorrhagic stroke [24] . In centrifugal CF-LVAD, MAP above 90 mmHg has been associated with stroke [25] and pump thrombosis [19] . An elevated SBP at discharge after axial CF-LVAD implantation has also been linked to an increased risk of stroke [20] .
Though BP is associated with stroke and pump thrombosis, it is still unclear whether high BP pre-LVAD represents a marker of hypertension to stroke while on CF-LVAD support or rather the marker of a poor BP control in the outpatient in the outpatient setting. The recent PREVENtion of HeartMateII Pump Thrombosis Through Clinical Management (PREVENT) trial protocol demonstrated a low rate of pump thrombosis (2.9% at 3 months and 4.8% at 6 months) when applying standardized implant and perioperative management techniques including MAP maintenance below 90 mmHg. However, BP levels were similar in patients with and without pump thrombosis in this study [26] . More recent data from ENDURANCE Supplemental cohort indicate that an enhanced BP management that includes home BP monitoring (target MAP < 85 mmHg) successfully reduces the incidence of stroke in patients implanted with an HVAD (centrifugal CF-LVAD) compared to the original trial results [27] . Future prospective randomized trials are therefore warranted to evaluate the effect of different BP goals and different antihypertensive regimens on clinical outcomes in CF-LVAD patients.
The Unique Hemodynamics of CF-LVAD Patients
Accurate measurement of BP in patients implanted with CFLVADs is traditionally considered a challenge due to the continuous flow outputs associated with these devices. Several interlinking endogenous and device-related factors determine the degree of flow and pressure oscillation observed in the individual patient. For a specified pump speed, LVAD flow varies inversely to the head pressure gradient resulting in more flow during systole and less during diastole. In end-stage HF, the reduced contractility of the failing LV translates into a diminished oscillatory flow during the cardiac cycle. As a result, systolic BP (SBP) is usually lower than that observed in the general population. However, the continuous addition of blood volume to the circulation causes a reduction in pressure decay during diastole. Thus, patients' pulse pressure (PP [PP = SBP − DBP]) is reduced to the extent that a pulse may not be palpable via traditional means.
Unlike the hemodynamics of healthy individuals (Fig. 1a) , in CF-LVADs, the flow rate that the pump generates modulates blood flow and BP profiles. A higher LVAD speed augments aortic pressure and unloads the LV (more blood is removed by the device) reducing peak systolic pressure. Under these conditions, the aortic valve tends to remain closed and blood flow in the aorta and peripheral circulation becomes less pulsatile, since the systolic contribution of the unloaded LV is significantly reduced (Fig. 1c) . The opposite is observed at lower pump speeds (Fig. 1b) . The altered physiology that is associated with a change in pump speed is confirmed within the same patient when the failing heart is supported by a Jarvik 2000 device. The Jarvik 2000 is an axial CF-LVAD, which is currently undergoing a prospective, dual-armed, non-blinded (open-label), randomized clinical trial for DT indication. Every minute, it operates at a high speed for most of the time, but reduces its contribution to blood flow for few seconds to increase LV loading and promote aortic valve opening [28] . This results in a remarkable, immediate change in blood pressure and hemodynamics (Fig. 1d) , emphasizing the unique physiological interplay between the CF-LVAD and the native heart.
BP Measurement in CF-LVAD
Indwelling arterial catheters (A-line) are considered the most accurate method to measure BP in CF-LVAD patients, but its use is limited to hospitalized patients during their stay in the intensive care unit. Common automated BP monitors often fail to measure BP due to the lack of detectable flow oscillations in CF-LVAD patients. In fact, Doppler ultrasound is often used as an alternative to automated BP monitors in patients without an A-line [29] . Unfortunately, Doppler ultrasound has the major limitation of providing a single BP number, and whether this number represents the SBP or the MAP has been focus of extensive debate in the MCS scientific community [30] .
To better understand why common automated BP monitors are often unable to read BP in CF-LVAD patients, it is worth to review how BP cuff systems work. A typical oscillometric BP monitor is composed of an inflatable BP cuff connected to a pressure transducer. When activated, the cuff initially inflates to a pressure above the SBP and then gradually deflates until the transducer senses an increase in oscillations (this point corresponds to SBP); the system continues to deflate until the transducer senses the maximum oscillation amplitude (this point corresponds to MAP). Using SBP and the MAP values, the system can estimate DBP. In CF-LVAD patients, the narrow PP critically reduces the difference between the first increase in oscillation (i.e., SBP) and the point of maximum oscillation (i.e., MAP). Background noise from the continuous flow pump further impairs the ability of oscillometric BP monitors to obtain a BP reading in this unique population. However, the Terumo Elemano BP Monitor (Terumo Elemano, Hatagaya, Shibuya, Japan) could overcome this limitation thanks to a slow and more sensitive cuff deflation process [30] . Unfortunately, the production of this device has been discontinued since 2014. As an alternative, our group recently tested and validated the Mobil-O-Graph device (IEM, Stolberg, Germany) in measuring BP in HeartMate II patients [31] . Success rate was 82%, and a mean absolute difference for the SBP and MAP compared to A-line was 4.5 ± 0.7 and 4.0 ± 0.6 mmHg, respectively. Importantly, the Mobil-O-Graph device also allows measurement of ambulatory BP over 24 h.
A New Generation Continuous-Flow LVADs with Artificial Pulse
The new generation CF-LVAD with an artificial pulse (CF-LVAD +AP ), the HeartMate 3, provides intermittent swings in flow that result in the creation of an artificial pulse. Every 2 s, this pump alternatively powers down the rotor speed by 2000 rpm for 0.15 s, then increases by 4000 rpm for 0.20 s, before returning to the set speed [32] (Fig. 1e) . Importantly, these changes in speed are timed independently from the native cardiac cycle (asynchronous pulsation). As a result, BP tracings constantly vary based on the asynchronous relationship between Heart and LVAD systolic and diastolic phases. Thus, the BP profile in HeartMate 3 patients comprises of several components. The native heart and its residual contractility generate blood flow with cyclic systolic and diastolic phases (heart-systolic BP and heartdiastolic BP). The HeartMate 3 adds two additional "artificial" components: the flow reduction phase, where the device reduces the impeller speed (LVADdiastolic BP), and the flow increase phase, where the device increases the impeller speed (LVAD-systolic BP) (Fig. 2) . Thus, measurement and interpretation of BP are more complex in HeartMate 3 due to the nonuniformity of the pressure profile. BP measurements from A-line remain the gold standard; however, appropriate non-invasive methods of measurement remain to be validated. This task might be particularly challenging in HeartMate 3 patients, since BP monitors (as well as Doppler) may not recognize and/or accurately interpret pump-specific patterns of oscillations during cuff deflation. For example, accurate calculation of MAP may require assessment over extended periods of time that include several cardiac cycles. In addition, BP monitors will not be able to recognize separately heart and LVAD systolic and diastolic BP values. This might represent an important limitation since it is conceivable that measurement of individual BP components could be relevant for the prediction of adverse events in this patient population.
BP and Energy
In 1966, Shepard and colleagues developed a concept of energy equivalent pressure (EEP) [33] , where BP is equivalent to the kinetic energy delivered from the heart to peripheral vasculature and tissues. In the general population, not on CF-LVAD support, this energy is described and simplified as SBP, DBP, or MAP due to the regularity and the repetitiveness of cardiac cycles and the relative uniformity of the BP tracing. In the case of constant flow, EEP simply approximates MAP. This concept suggests that it is appropriate to use MAP as an estimation of delivered energy in CF-LVAD patients. Of note, this is eventually what the MCS scientific community has been doing for years, using MAP values to target BP goals, in this patient population.
However, this concept may not apply in situations of erratic BP profile such as in patients implanted with a CF-LVAD +AP (Fig. 1e) . Here, the relationship between energy and heart/ LVAD-derived BP components is more complex and does not lend itself to easy interpretations. Nevertheless, better understanding of the type of energy that CF-LVAD +AP transmit to the periphery might be important in predicting and, therefore, preventing vascular damage to vital organs and thereby improve clinical outcomes.
Conclusion
The number of CF-LVAD patients (and HeartMate 3 in particular) is expected to markedly increase over the next number of decades. It is therefore critical to meet patients' needs by identifying valid methods to measure and manage their BP as a way to reduce morbidity and mortality. Currently, automated BP monitors (and/or Doppler) can be effectively used in the majority of patients who are implanted with an FDA-approved CF-LVADs such as the HeartMate II and HVAD. However, the HeartMate 3 offers a new challenge since it incorporates artificial pulse technology. This fixed pulse is asynchronous to the native heartbeat, and because of that, it generates an erratic BP profile that includes cardiac and LVAD-generated systolic and diastolic components. Nevertheless, accurate assessment and interpretation of the (patho)physiological consequences of this unique hemodynamic profile may play an important role in optimizing safety and efficacy of this novel CF-LVAD technology. 
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